Brain tumors affecting language-relevant areas may influence language lateralization. The purpose of this study was to systematically investigate language lateralization in brain tumor patients using clinical language fMRI, comparing the results with a group of healthy volunteers.
A lteration of language lateralization may occur in patients with intracranial space-occupying masses affecting the dominant hemisphere and may be a sign of the brain's plasticity to compensate for possible language deficits. The probability of such alterations will increase when the brain lesions infiltrate or displace eloquent language areas, namely, the Broca area (anatomic homolog is the inferior frontal gyrus) and Wernicke area (anatomic homologs are the superior temporal gyrus, supramarginal gyrus, and angular gyrus). In contrast to motor function, there are no reliable landmarks available on structural images of the human brain to localize essential language areas, giving functional neuroimaging an important diagnostic role when planning and performing safe and function-preserving surgical interventions in areas that are relevant for language. 1 The same holds true for determining the language-dominant hemisphere before neurosurgery. 2 BOLD fMRI is a valuable neuroimaging tool for assessing language functions noninvasively, namely, for localizing essential language areas and thereby assessing their spatial relationship to brain tumors, and for determining the languagedominant hemisphere, by analyzing language lateralization. [3] [4] [5] [6] [7] [8] fMRI language lateralization also has the potential to allow for the study of brain plasticity in different pathologic states, such as epilepsy and stroke. [9] [10] [11] [12] [13] [14] [15] The mechanisms underlying neuronal plasticity induced by brain lesions are largely unknown. Changes in transcallosal and collateral inhibition of relevant brain areas for language processing have been suggested as underlying mechanisms. Others have discussed modification of synaptic activity and unmasking of latent horizontal connections. 16, 17 The type, extent, and timeframe of brain plasticity mechanisms may also depend on the nature of brain lesions and their spatiotemporal attitudes.
A few studies have investigated postsurgical brain plasticity in patients with brain tumors by performing fMRI, focusing predominantly on the motor cortex. [18] [19] [20] [21] To our knowledge, no fMRI language investigation exists that analyzes language lateralization in a larger and clinically representative cohort of patients with brain tumors affecting the Broca and Wernicke areas. However, brain plasticity, as expressed by alterations in language lateralization, seems to play a major role in compensating for speech deficits in the case of long-standing and growing lesions, such as brain tumors, whereas adaptation does not occur within a short timeframe, such as in the case of a single catastrophic case of brain damage, like massive stroke. [22] [23] [24] These alterations in cortical language networks can be investigated noninvasively using clinical fMRI, through determination of the dominant language hemisphere by calculating lateralization indices for the corresponding languagerelevant brain areas. [25] [26] [27] [28] Compared with the invasive Wada test for assessing language lateralization, fMRI demonstrated high sensitivity and specificity in a meta-analysis.
2 Previous research has found 2 different types of cortical reorganization as a response to a brain lesion: ipsilateral perilesional cortical reorganization or a shift of the dominant hemisphere to the contralateral side.
In light of the latter observation, the purpose of this study was to systematically analyze presurgical fMRI language lateralization in a large cohort of strictly right-handed patients with left hemispheric brain tumors either affecting the Broca language area or Wernicke language area, and to compare language lateralization in patients with reference data obtained in healthy volunteers. With this study, we aimed to assess the effects of space-occupying brain masses on BOLD fMRI language lateralization in a typical clinical setting.
The clinical standard fMRI protocol included 2 language paradigms: SG and WG, which have been previously established in healthy volunteers and validated against invasive reference procedures in patients with brain tumor.
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Materials and Methods
The study was approved by the local ethics commission and was in line with the Helsinki Declaration of Human Rights. All patients participated in the study after written informed consent.
Study Population
Over a period of 4 years, all consecutive patients with brain tumors at the University Hospital of Heidelberg were investigated in a prospective study design with conventional MR imaging. If a spaceoccupying mass was detected within a critical distance of anatomy homologs of Broca (inferior frontal gyrus) or Wernicke (superior temporal gyrus, supramarginal gyrus, angular gyrus) areas in the left hemisphere, language fMRI was performed. Critical distance was defined as tumor-related T1-signal alteration, with or without contrast enhancement, in the following anatomic structures: the left inferior frontal gyrus, the dorsal aspect of the left superior temporal gyrus, the left supramarginal gyrus, and/or the adjacent angular gyrus. In extraaxial masses, direct displacement and/or compression of these anatomic structures by the tumor were considered as critical.
Handedness was assessed in each patient through a modified questionnaire, following that outlined by Annett, 30 and only strictly right-handed patients were included in this study. Fifty-seven patients were enrolled in this fMRI study (32 
Functional and Morphologic MR Imaging
Functional and morphologic whole-brain MR imaging was performed using the same 1.5T MR scanner (Marconi EDGE; Cleveland, Ohio) in all patients, using a conventional head coil. Movement artifacts during functional and conventional MR imaging were minimized by relaxed positioning of the extremities and by fixing the head with preformed foam cushions, with sparing of the temporomandibular joint. For BOLD fMRI, a T2*-weighted single-shot echoplanar imaging sequence (TR ϭ 3.0 seconds, TE ϭ 80 ms, FOV ϭ 256 ϫ 256 mm 2 , matrix ϭ 128 ϫ 128 voxels, pulse angle ϭ 90°) was approved. Twenty-two transverse sections (section thickness 5 mm and section distance 1 mm) were acquired for whole-head coverage.
With the head fixed in the exact same position, a T1*-weighted anatomic 3D MR imaging (radio-frequency spoiled fast low-angle shot sequence, with TR ϭ 30 msec and TE ϭ 4.4 ms) was acquired for 25 This established presurgical language fMRI protocol was validated previously against the Wada test and intraoperative electrocorticography. 25 There is also broad evidence that language fMRI is very sensitive and specific for language lateralization, even when using different paradigms and different experimental setups, as described in a recently published review. 2 Therefore, it was deemed unnecessary to perform further invasive measures for this study, given the relevant risks for the patients. For the SG paradigm, patients were shown pictures with comic-like figures and were asked to repeat (silently, in their mind) a short standardized sentence that had been practiced with them before the scan (Fig 1) . Twelve pictures existed, with 12 standard sentences. The duration of the stimulation phase in SGs was modulated on the achievement and cognitive ability of patients; 1 picture was shown for 2 seconds as a standard, but the presentation time was individually adapted (3 or 6 seconds) to compensate for tumor-related linguistic or other cognitive deficits, when required. 32 In this way, it was feasible to use the task in all patients in the same way, including those with aphasic symptoms. In the WG paradigm, the patients were presented words of different categories and had to repeat as many items as possible, matching the category within 6 or 9 seconds (depending on cognitive ability). Both paradigms were practiced under supervision of the investigator before fMRI measurements and adapted, if required. The order of the 12 pictures (SG) or words (WG) was randomly chosen by computer and without direct repetitions (pseudorandomized) during the fMRI investigation. The BOLD fMRI protocol in both task types consisted of 1 offset (9 seconds for elimination of T1*-weighted effects), and 5 baseline phases (each phase lasting 18 seconds), alternating with 4 stimulation phases (each phase lasting 36 seconds). Therefore, each fMRI measurement lasted 243 seconds. Myopia and hyperopia could be corrected with special nonmagnetic mirror glasses, if needed. This protocol was established and developed in the University Hospital of Heidelberg Department of Neuroradiology.
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Standardized Analysis of Individual fMRI Data
Data processing software for fMRI was BrainVoyager (Brain Innovation B.V., Maastricht, Netherlands). Standardized processing included correction of motion artifacts, spatial-temporal smoothing, voxelwise linear correlation calculation for significant BOLD signal activation using an HRF, and correction for multiple comparisons. The HRF reflects delay of hemodynamic responses for detecting neuronal activity. As a result of the calculation, the correlation coefficient ("r") was achieved as a parameter for quality of BOLD fMRI signals, and the parameter "⌬S%" was used as a measure of the relative BOLD-signal change within the activated BOLD cluster. Data processing was fully automated except for superimposition of conventional sequences on functional MR imaging. The tumor-affected structures of the brain could be determined in T1*-weighted 3D MR images by identification of anatomic landmarks. 33, 34 To detect these landmarks, coronal, sagittal, and transverse views of the 3D dataset were evaluated. Four ROIs were placed where fMRI analysis was to be In the right hemisphere, the ROIs were named BR and WR, according to their corresponding anatomic homologs. BOLD fMRI was analyzed individually after superimposing functional and 3D anatomic MR imaging for each patient and paradigm separately. The procedure was standardized as previously described in literature. 25, 29 The empirically minimal-proved cluster size of 36 mm 3 was used as a standard. The cluster size of 36 mm 3 has been our evaluation standard since 1997, and all reference data were established using this standard. This cluster size is small enough so as to not significantly obscure anatomic detail in the images, allowing the best possible determination of the exact anatomic correlate of the center of gravity of each activated BOLD cluster on 3D overlays of functional maps on structural images. On the other hand, the cluster size was large enough to reduce the number of very small activations (noise of single voxels) and was therefore a practical way of reducing falsepositives. At first, a very high statistical threshold value for the correlation coefficient r to the applied HRF was chosen, resulting in no display of functional activity in the human brain (empty map). The initial maximum statistical threshold was set to r ϭ 1.0, resulting in an empty map, as only 100% perfect correlations of measured BOLDsignal time courses and applied hemodynamic reference functions would be displayed in the activation maps, which is never the case in a biologic system. From this maximum threshold, a continuous reduction was performed in steps of r ϭ 0.02. The statistical threshold value was reduced continuously until the activity with the highest correlation to HRF was displayed first. By further reducing the threshold value, the other activated areas were delineated in hierarchical order. This procedure was continued until activation in all previously defined ROIs (Broca, Wernicke, BR, WR) was identified, and thus all BOLD-signal time courses were analyzed individually under standardized conditions. As a lower limit, r Ͼ 0.4 was defined for each region of interest. This was necessary to avoid mixing BOLD signals with background noise. If no BOLD signal in a region of interest was detected above this lower limit, it was defined as no activation. BOLD signals with a relative change Ͼ5% were not included in the evaluation because such high-level activations most likely originate from draining veins rather than from capillaries. To find the speech-dominant hemisphere, the local LI was calculated according to the established formula, LI ϭ (left hemisphereϪright hemisphere)/(Ϫleft hemisphereϪright hemisphere), for Broca and Wernicke areas versus their right hemisphere homologs (Broca/BR and Wernicke/WR) separately. The values in the formula are number of activated voxels at the threshold of the peak activation of the nondominant hemisphere. 35 
Statistical Analysis
The Mann-Whitney U test was used to analyze the statistical significance of differences in LI between patients and healthy volunteers separately for localization (Broca/BR and Wernicke/WR) and paradigm (SG and WG). Graphics were made as box-and-whisker plots. Statistical analysis was performed with SPSS software, version 11.0 (SPSS Inc., Chicago, Illinois). Fig 2A shows a case of a 62 -year-old patient with a left frontal astrocytoma (WHO grade II). The patient was right-handed. fMRI using the WG paradigm revealed language lateralization of the Broca area to the right side (LI Broca/BR ϭ Ϫ0.85). No language or speech pathologies existed in this patient.
Results
Lateralization of Language in Broca Area
The WG task for Broca/BR revealed a median LI value of Ϫ0.215, with a standard deviation of 0.768. Mean value was 0.010. A significant difference in LI of Broca/BR between the 2 groups (healthy volunteers: median value, 0.970; standard deviation, 0.367; mean value 0.825) could be detected (P ϭ .017) (Fig 3A) .
Performing SG in patients with brain tumor for Broca/BR, a median LI of 0.840, with a standard deviation of 0.549, was detected for the same paradigm. The mean value was 0.573. In this paradigm, the lower LI in patients compared with healthy persons (median value, 0.860; standard deviation, 0.436; mean LI, 0.644) was not significant (P ϭ .851). Fig 2B shows fMRI data of a 47-year-old right-handed patient with a left parietotemporal astrocytoma (WHO grade II). The patient suffered from focal seizures and anosmia. SG paradigm revealed only residual functional activity on the left side and substantial lateralization to the right anatomic homolog (LI Wernicke/WR ϭ Ϫ0.84).
Lateralization of Language in Wernicke Area
SG in the investigated patient group for Wernicke/WR revealed a calculated median value of 0.500, with a standard deviation of 0.644 and a mean value of 0.232. For this paradigm, a highly significant difference in the patient versus control group (median value, 0.960; standard deviation, 0.717; mean value, 0.653) was found (P ϭ .007) (Fig 3B) . For WG, the LI in the patient group for Wernicke/WR had a median value of 0.475, with a standard deviation of 0.592. The mean value was 0.376. A decrease in LI in the patient group compared with healthy volunteers (median value, 0.800; standard deviation, 0.547; mean value, 0.578) was observed, but this reduction was not significant (P ϭ .310).
Discussion
Our results demonstrate robust feasibility of performing clinical language fMRI in patients with brain tumor, in particular for determining language lateralization through calculation of the local LI of Broca/BR and Wernicke/WR, respectively. Moreover, clinical fMRI provided evidence that patients with space-occupying brain masses in the language-dominant hemisphere show a significant amount of lateralization of 
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the Broca and Wernicke areas to the contralateral unaffected anatomic homologs of the corresponding language areas. In an fMRI and intraoperative electrical brain stimulation study with 77 patients with low-grade glioma, spatiotemporal functional reorganization was studied descriptively. 22 The absence of presurgical aphasic symptoms was explained by compensation through perilesional brain areas rather than a shift of the dominant hemisphere to the contralateral site. These perilesional brain areas were partially infiltrated by the neoplasm but were nevertheless functionally active. fMRI has been used to show the compensation of language function of the left insula by adjacent brain areas. 36 A longitudinal case study comparing pre-and postsurgical language lateralization in 2 patients demonstrated a shift of the dominant hemisphere to the opposite side after neurosurgery. 37 In other studies using different imaging modalities, authors have assumed that cortical reorganization is a step-by-step process, with shortterm recruitment of perilesional areas and long-term recruitment of more distant areas within the dominant or contralateral hemisphere. 22, [38] [39] [40] Our study supports the hypothesis that cortical reorganization impacts language lateralization, with a possible shift toward the contralateral nondominant hemisphere.
Presurgical fMRI for language localization has been validated with former standard invasive methods like electrocorticography or Wada testing. 5, 8, [41] [42] [43] [44] Because of the lack of standardized experimental procedures, data analysis, and interpretation, the correlation of fMRI with standard methods was inconsistent in these studies. In our current trial, we used a previously validated and standardized protocol for performing the fMRI paradigms (WG and SG), MR data acquisition, data processing, and analysis. This method provided a technical success rate of 100% and a lateralization success rate of 98% for both paradigms. 25 The use of multiple paradigms in clinical language fMRI is recommended to allow for different linguistic preferences and to increase the number of successful measurements and reproducibility of the fMRI results before brain surgery. A variety of different paradigms for performing clinical language fMRI are currently under investigation. [45] [46] [47] Both paradigms applied in this study have been optimized and established in volunteers, have been in clinical use in a standardized way since 1998, and have been validated against invasive reference procedures (intraoperative electrocorticography and Wada testing), rendering further validations unnecessary. 25, 29 For this investigation, SG and WG paradigms were applied in a covert manner. This reduced motion, as well as magnetic, susceptibility artifacts (which are worse when performing overt tasks in clinical fMRI). 48, 49 Moreover, for determination of language lateralization, covert paradigms have proved better suitability, whereas overt paradigms are of limited diagnostic value for revealing the language-dominant hemisphere. 31 Regarding this study in the Broca area, the WG paradigm led to the detection of a higher lateralization rate, whereas in the Wernicke area, SG resulted in a higher lateralization rate. The higher sensitivity for lateralization assessment of the Broca area by WG and Wernicke area by SG in our clinical fMRI protocol may be related to different linguistic content and semantic processing of the different paradigms. The fMRI results from SG and WG are confirmatory regarding language localization and synergistic regarding language lateralization. 31 Different methods for calculating LI have been used for determination of language dominance by fMRI. 50 For this study, we used calculations of a regional LI for the region of interest pairs Broca/BR and Wernicke/WR to achieve reliable and more detailed information compared with a global LI calculation. Furthermore, for the determination of language dominance, it has been shown that regional LI correlates better with the results of Wada testing compared with global LI, which is based on voxel counts of the complete hemisphere. 51 To date, literature regarding language lateralization in brain tumor patients is sparse. Different authors analyzed language lateralization after single or multiple brain resections. 22, 23, 52 Those studies led to the hypothesis that neuronal plasticity occurs predominantly in slow-growing neoplasms or after repetitive limited surgical resections. 24, 37 However, no study has been performed to evaluate language lateralization in a larger cohort of patients with brain tumor before neurosurgery. Taken together, our results indicate that brain tumors affecting the Broca or Wernicke areas have an impact on language lateralization. This might be part of a compensatory mechanism possibly allowing preservation of speech in these patients.
This noninvasively gained information adds to a purely clinical assessment of speech deficits in patients with brain tumor and is valuable in the diagnostic work-up. In addition, it has the potential to alter presurgical planning, as the extent of surgery may be adjusted to the amount of functional adaptations regarding eloquent brain areas. To prove this, further studies using intraoperative validation of neuroplastic changes, as indicated by fMRI, are warranted. Furthermore, these neuroplastic changes delineated by clinical language fMRI should be analyzed in terms of reorganization patterns offering therapeutic implications as well as prognostic information.
A limitation of this study was the heterogeneous patient population, which included different types of space-occupying masses. The rationale of this study was to assess the impact of intracranial space-occupying masses on language lateralization using standardized fMRI in a realistic clinical scenario. Therefore, the study population reflected a typical mixture of admissions to a major university hospital. Furthermore it should be considered that presurgical language fMRI is an evolving, though not yet clinically established, imaging approach. 53 The primary aim of our study was to analyze a large number of patients with brain tumors to investigate language lateralization; therefore, we included all consecutive righthanded patients with left hemispheric brain tumors affecting the Broca and Wernicke areas, independent of the WHO grade. A cohort large enough to enable statistical comparisons between different entities of brain tumors would require a large multicenter trial.
In this study, we did not address local language reorganization in other functional brain areas surrounding the spaceoccupying masses or in secondary functional areas, which represents an additional limitation of our work. The rationale to set our focus on essential language centers and their anatomic homologs in the right hemisphere was driven by clinical relevance. The most important reason for presurgical language fMRI is to preserve essential language areas, namely, Broca and Wernicke areas, during surgery. Surgical damage to other language-related functional brain areas usually does not cause severe language deficits. [54] [55] [56] Furthermore, it should be considered that the brain activation pattern is heavily dependent on the language paradigms applied and therefore differs dramatically when looking at cortical language networks as a whole. The clinical information that can be derived from differences in the brain activation pattern as a whole is still unclear; therefore, this information cannot be applied in a strict sense for presurgical fMRI. This topic may be addressed in future work on language network reorganization in the case of brain tumors.
Conclusions
Standardized clinical fMRI enabled robust localization of Broca and Wernicke language areas, and their anatomic homologs in the right hemisphere, in patients with brain tumors affecting those essential language centers. The intracranial space-occupying masses exhibited statistically significant effects on language lateralization by a shift of activation toward the unaffected right hemisphere. This may be related to compensatory mechanisms of the human brain and to maintaining communicative abilities.
